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ABSTRACT 


Through  the  use  of  a nondestructive  X-ray 
method,  the  precrack  fatigue  damage  in  aluminum 
2024-T3  has  been  determined.  The  method  is  based 
on  (a)  the  observation  that  fatigue  fracture  is 
initiated  when  the  excess  dislocation  density  in 
the  surface  layer  attains  a critical  value  and 
(b)  a knowledge  of  the  excess-dislocation/depth 
profile  for  various  fractions  of  fatigue  damage. 

This  profile  indicates  that  if  the  X-ray  radia-  t 

tion  does  not  penetrate  sufficiently  deep  into 
the  surface  layer,  the  dislocation  density  mea- 
surements cannot  be  used  as  a measurement  of 
fatigue  damage.  By  contrast,  the  application 
of  penetrating  molybdenum  radiation,  which 
irradiates  grains  in  the  bulk  as  well  as  in  the 
surface,  gives  rise  to  a linear  relationship 
between  the  X-ray  linewidth  and  fatigue  damage. 

The  slope  of  this  line  is  sufficiently  steep  so 
that,  with  a knowledge  of  the  critical  X-ray 
linewidth,  the  fatigue  damage  can  be  predicted. 

The  fraction  of  fatigue  damage  is  given  by  the 
ratio  0/S*,  where  0 is  the  linewidth  at  any 
number  of  fatigue  cycles  and  0*  is  the  critical 
linewidth  at  fracture.  The  critical  linewidth 
may  be  estimated  by  using  X-ray  radiation  from 
chromium  and/or  by  a multiple  film  technique 
after  the  specimen  has  been  cycled  approxi- 
mately 20  percent  of  its  fracture  life. 


ADMINISTRATIVE  INFORMATION 

This  investigation  is  part  of  an  in-house  research  program  at  the 
David  W.  Taylor  Naval  Ship  Research  and  Development  Center.  It  was  con- 
ducted under  Program  Element  61152N,  Task  Areas  ZR  022-0101,  Work  Unit 
2802-004. 

INTRODUCTION 

For  many  years  X-ray  diffraction  patterns  obtained  from  cyclically 
stressed  metals  and  alloys  have  failed  to  provide  neither  clearcut  indi- 
cations of  the  impending  onset  of  fatigue  failure  nor  could  they  be  used 

1 2* 

to  predict,  even  approximately,  the  span  of  the  fatigue  life.  ’ Line 


*A  complete  listing  of  references  is  given  on  page  9. 
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broadening  was  observed  after  cycling  over  a small  fraction  of  the  total 
fatigue  life,  but  then  it  remained  virtually  unaltered  both  in  extent  and 
intensity  throughout  the  remainder  of  the  life. 

3 4 

A recent  application  of  a special  X-ray  method  * to  cyclically 
stressed  2024  A1  enabled  the  prediction  of  both  the  fatigue  life  and  fail- 
ure of  the  aluminum  with  a considerable  degree  of  accuracy.  This  nonde- 
structive method  for  analysis  of  the  fatigue-induced  defect  structure  is 
based  on  the  principle  of  X-ray  double-crystal  dif f ractometry  and  employs 
X-ray  topography  to  afford  a visualization  of  the  defect  configuration. 

The  polycrystalline  specimen  is  irradiated  with  a crystal-monochromated 
beam,  and  each  reflecting  grain  is  considered  to  function  independently  as 
the  test  crystal  of  a double-crystal  diffractometer.  Depending  on  the  per- 
fection of  the  grains,  the  specimen  is  rotated  in  intervals  of  seconds  or 
minutes  of  arc,  and  the  spot  reflections,  recorded  along  the  Debye  arcs  of 
a cyclidrical  film  for  each  discrete  specimen  rotation,  are  separated  by 
film  shifts.  This  multiple-exposure  technique  gives  rise  to  an  array  of 
spots  for  each  reflecting  grain,  as  shown  in  Figure  la.  These  arrays  of 
spots,  with  their  intensity  dependent  on  specimen  rotation,  represent  X-ray 
rocking  curves  of  the  reflecting  grains.  Thus,  if  the  grains  contain  a 
substructure,  the  intensity  distribution  of  the  arrays  of  diffraction  spots 
will  be  multipeaked,  not  only  along  the  horizontal,  but  also  along  the 
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Figure  la  - Survey  of  Grain  Reflection  Array* 


Figure  lb  - Detail 
of  Reflection  Range 
for  Grain  Q 


Figure  1 - Rocking  Curves  of  Grain  Reflections  of  Fatigue-Cycled 
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2024  Al  (N  = 10  ) . CuKq  Monochromated  X-ray  Radiation; 

Angular  Specimen  Setting  5 Minutes  of  Arc:  Survey 
of  Grain  Reflections  and  Detail  of  Reflection 
Range  for  Grain  Q 
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aximuthal  elevation  (Figure  lb).  From  the  angle,  subtending  successive 
peaks  of  the  rocking  curve,  the  excess  dislocation  density  between  sub- 
grains can  be  determined,  while  from  the  spread  of  the  subpeak  curve,  the 
excess  dislocation  density  within  the  subgrain  lattice  can  be  obtained. 

From  the  width  3,  at  half  the  maximum  of  the  rocking  curve,  the  excess 

3 4 

dislocation  density  of  the  entire  grain  is  determined.  ’ 

The  excess  dislocation  density  D is  calculated  from  the  relationship 

$ 

given  by  Hirsch  f 

2 2 
D = 3 /9b 

where  3 is  the  width  of  the  rocking  curve  at  half  of  the  intensity  maximum 
(halfwidth)  and  b is  the  magnitude  of  the  Burgers  vector. 

By  analyzing  various  (hkl)  reflections  in  this  manner,  a representa- 
tive statistical  parameter  3 of  the  defect  structure  of  the  grain  popula- 
tion is  obtained.  Furthermore,  by  taking  reflection  topographs 

(Berg-Barrett)  and  performing  a spatial  tracing  of  the  reflections  to  the  i 

spot  reflections  of  the  rocking  curve,  the  analyzed  rocking  curve  can  be 

4 

correlated  to  the  grain  topography  on  the  specimen. 

The  ability  to  predict  the  fatigue  life  of  the  A1  alloy  emerged  from 
the  results  of  a detailed  study  dealing  with  X-ray  analysis  of  the  work 
hardening  in  the  surface  layer  and  in  the  bulk  during  fatigue. ^ During 
the  first  half cycle  of  fatigue,  a surface  layer  was  formed  with  a higher 
density  of  excess  dislocations  than  that  of  the  bulk  material.  On  subse- 
quent cycling,  the  density  increased  in  the  surface  layer  and,  after  about 
5 percent  of  the  fatigue  life,  a minimum  began  to  appear  in  the  depth  pro- 
file. Further  cycling  increased  the  3 values  in  the  surface  layer  and  in 
the  bulk.  The  curves  in  Figure  2a  show  depth  profiles  for  2024  A1-T3 

alloys  fatigued  to  75  percent  and  95  percent  of  their  life.  The  ratio  * 

3/3q  in  Figure  2 represents  the  average  rocking  curve  width  of  the  grains 

normalized  with  respect  to  the  width  value  prior  to  fatigue.  Similar  to 

the  depth  profile  previously  obtained  for  an  A1  single  crystal  strained  in 

tension,  3 was  highest  at  the  surface  up  to  a depth  of  about  100  pm. 

Beyond  this  depth,  3 increased  and  attained  a constant  value  at  about 
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250  um  into  the  bulk.  The  value  for  $ in  the  interior  increased  with  the 
number  of  fatigue  cycles  but  never  exceeded  that  at  the  surface. 


Figure  2 - Complete  Diagram  for  2024  A1  given  Prior 
Fatigue  Cycling  to  95  Percent  and  75  Percent  of 
Fatigue  Life  Followed  by:  Surface  Layer  Removal, 

Recycling  to  N/Np  = 0.05,  and 
Surface  Layer  Removal 

g 

It  has  been  reported  previously  that  during  uniaxial  fatigue  cycling, 

q 10 

as  in  unidirectional  tensile  tests' ’ , the  surface  layer  work  hardens 

more  rapidly  than  that  of  the  bulk  material.  A systematic  investigation^  , 

of  2014  A1-T6,  Ti-6A1-4V,  and  a 4130  steel  showed  that  a propagating  fatigue 
crack  was  formed  whenever  the  work  hardening  in  the  surface  layer  reached 
a critical  value.  This  critical  value  was  independent  of  the  stress  ampli- 
tude, prior  fatigue  history,  and  environment.  It  was  proposed^  that  the 
surface  layer  acted  to  oppose  the  motion  of  dislocations  by  providing  a 
barrier  to  support  a piled-up  array  of  dislocations  of  like  sign.  When  the 
barrier  becomes  sufficiently  strong,  fracture  occurs  when  the  local  stress 
field  associated  with  an  accumulation  of  excess  dislocations  exceeds  the 

fracture  strength.  In  agreement  with  the  concept  of  Kramer^  and  the  data 
12 

of  Taira  et  al.  , the  rocking  curve  data  showed  that  fatigue  fracture 

occurred  at  a constant  3 value  equal  to  about  70  minutes  of  arc  » 

10  2 

(D  - 6x10  /cm  );  this  critical  6 value  was  independent  of  the  cyclic  stress 
amplitude. 
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The  approach  toward  this  critical  3 value  cannot  be  predicted  with  cer- 
tainty if  the  X-ray  radiation  employed  does  not  penetrate  sufficiently 
deep  into  the  work-hardened  surface  layer.  As  may  be  seen  from  Figure  3, 
application  of  CuK^  radiation,  which  penetrates  only  a portion  of  the 
work-hardened  surface  layer,  gave  rise  to  a rapid  increase  of  B/3Q  between 
N/Np  = 0 and  20  percent,  but  from  20  percent  to  90  percent  the  increase 

was  very  gradual,  having  nearly  a plateau  appearance.*  Beyond  N/N„  = 90 

r 

percent,  B/3q  becomes  critical  and  leads  rapidly  to  fracture  at  (3/Bq)*. 

By  contrast,  application  of  the  penetrating  molybdenum  radiation,  which 
irradiated  grains  in  the  bulk  as  well  as  those  in  the  surface  layer,  gave 
rise  to  a straight  line  that  had  a pronounced  slope  up  to  the  critical 
value  (3/3o)*.  The  slope  was  sufficiently  steep  so  that,  with  the  aid  of  a 
calibration  curve  and  its  error  band,  (3/3q)*  could  be  predicted  at  various 
stages  of  N/N  . 

r 


Fraction  of  Fatigue  Life  N/Nf  (%) 

Figure  3 - Dependence  of  Rocking  Curve  Width 
of  Surface  Layer  and  Bulk  on  Fatigue 
Cycling  for  A1  2024-T3 


*N  = number  of  fatigue  cycles;  N„  = number  of  fatigue  cycles  to  frac- 
ture. 
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The  steep,  single-stage  curve  resulted  from  the  added  contribution  of 

the  defect  structure  in  the  bulk.  This  is  revealed  by  Figure  3 which  shows 

the  molybdenum  data  in  conjunction  with  a plot  of  the  areas  under  the 

depth  profiles  as  a function  of  N/N_.  Indeed,  the  curves  obtained  by 

r 

integration  of  the  depth  profiles  to  deaths  of  400  and  1500  pm  can  be 
drawn  to  virtually  coincide  with  that  obtained  experimentally  using  moly- 
bdenum radiation.  In  contrast,  integration  to  only  100  pm  from  the  surface 
provided  a three-stage  curve  similar  to  that  derived  by  analysis  with 
shallow-penetrating  copper  radiation. 

Our  studies  have  now  made  it  evident  why  in  the  past  the  X-ray 
patterns  of  cycled  specimens  were  inconclusive  in  predicting  fatigue  fail- 
ure. For  virtually  the  entire  fatigue  life,  the  rapidly-work-hardened  sur- 
face layer  blocks  the  egression  of  dislocations  from  the  bulk.  If  the 
X-ray  radiation  does  not  penetrate  beyond  this  surface  layer,  the  slight 
increase  of  3 (or  X-ray  line  broadening)  falls  well  within  the  experimental 
error  band.  The  blocking  aspect  of  the  defect  structure  developed  in  the 
surface  layer  is  clearly  demonstrated  by  inspecting  the  curves  of  Figures 
2b  and  2c.  When  a surface  layer  of  400-pm  thickness  was  removed  by 
electropolishing,  the  dislocation  structure  and  arrangement  in  the  bulk 
became  unstable  in  the  absence  of  the  hardened  surface  layer.  The  6/3 

o 

values  declined  conspicously  upon  initial  recycling  (Figure  2b) . It  also 

became  evident  that  the  dislocation  structure  formed  during  the  fatigue 

process  in  the  bulk  of  the  specimen,  fatigued  to  75  percent  of  its  life, 

did  not  impair  the  subsequent  fatigue  life  once  the  surface  layer  was 

removed.  This  conclusion  was  reached  because  the  3/depth  profile  after 

fatiguing  and  after  removal  of  the  surface  layer  and  recycling  was  nearly 

the  same  as  that  of  the  virgin  specimen  (Figure  2c).  The  phenomenon  of 

dislocation  egression  after  removal  of  the  hardened  surface  layer  and 

concomitant  strain  relief  explain  why  the  fatigue  life  of  a material  can  be 

extended  almost  indefinitely  if  the  surface  layers  are  judiciously  removed, 

13  11 

as  previously  found  by  Thompson  et  al.  and  by  Kramer.  The  remarkable 
extension  of  fatigue  life  resulting  from  surface  removal  is  ascribed, 
therefore,  not  to  the  removal  of  microcracks,  but  principally  to  the 
removal  of  the  blocking  effect  of  the  hardened  surface  layer. 
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In  practice,  the  3 /3Q  values  for  the  surface  layer  plus  bulk,  and  for 
the  surface  layer  alone,  can  be  obtained  by  carrying  out  a simple  exposure 
sequence  using  MoK^  radiation.  The  reflections  are  recorded  on  multiple 
films  separated  by  copper  foils  of  appropriate  thickness.  The  first  film 
records  the  contribution  of  surface  layer  and  bulk,  but  the  second  film, 
owing  to  the  suppression  of  the  weak  intensities  by  the  interposed  copper 
screen,  registers  only  the  intense  reflections  emanating  from  the  surface 
layer.  In  this  way,  fatigue  failure  prediction  can  be  accomplished 
quickly,  accurately,  and  nondestructively . 
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